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Abstract: Li1.6Mn1.6O4 (LMO) is a dominant adsorbent for lithium recovery from 
solutions resulted from its high theoretical adsorption uptake and a low loss rate of Mn, 
which can potentially be further improved by trace doping. We achieve stable cycling 
and high adsorption capacity of Li1.6Mn1.6O4 from aqueous lithium resources by Na 
doped (LMO-Na). The Mn dissolution is decreased from 5.4% (bare adsorbent) to 4.4%, 
and the uptake is increased from 33.5 mg/g to 33.9 mg/g (CLi+: 24 mmol/L). 
Furthermore, DFT calculations predict that Na replace for Li at 16d sites, result in an 
enhancement of the Li+ adsorption rate and structure stability of LMO. The loss rate of 
Mn in cycling process is restrained by Na doped, which may result from reducing the 
content of low valent Mn3+ and improving the structural stability of material. The effect 
of Na substitution on adsorption capacity and structure stability is discussed. 
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1. Introduction 
Recently, the constantly increasing lithium consumption for Li-ion batteries has 
led to a pressing demand for new technologies of lithium recovery [1-3], from solid 
ores and aqueous lithium resources. Especially, the brines have a large storage of Li [4, 
5]. However, there are many interfering ions and the concentration of Li+ is extreme 
low in these aqueous resources. Therefore, it is appropriate to extract lithium from salt 
lakes by an adsorption method with a high ion selectivity [6]. 
Compounds derived from manganese oxides with a spinel crystal structure, such 
as LiMn2O4 [7, 8], Li4Mn5O12 [9, 10], Li1.6Mn1.6O4 [4, 11, 12], have been paid 
increasing attention result from high adsorption uptake of Li+ and excellent ion 
selectivity. But these adsorbents suffer from considerable dissolution of Mn during the 
desorption process [13]. Many methods, such as surface-modification [14] and doping 
[15], have been used to enhance the cycle stability of a typical manganese oxide based 
adsorbent. Doping has been regarded as the most widespread and valid method to 
enhance cycle property of Li1.6Mn1.6O4 (LMO) among the different ways. The 
(Li0.5Zn0.5)[Li0.5Mn1.5]O4 was obtained by Feng et al. via a co-precipitation route, and 
the desorption rate of Li+ was reduced after HCl treatment [16]. Chitrakar et al. [17] 
synthesized Li4FexMn5-xO12 and indicated that the dissolution of Mn reduced when the 
Fe/Mn ratio increased, and uptake of Li+ is increased. However, foreign elements enter 
into LMO for Li+ adsorption were rarely studied [13]. 
In the present work, Na-doped Li1.6Mn1.6O4 with various doped amounts were 
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prepared and the structures were tested by different methods. The improved Li+ 
adsorption and Mn stability of the LMO-Na adsorbents were examined. 
2. Experimental 
2.1 Synthesis of materials 
(Li1-xNax)1.6Mn1.6O4 (x = 2%, 5%, 10%, 15%), denoted LMO-Na-R (R is the Na 
content represent to x), were prepared by calcinating mixtures of NaCl and LiMnO2 at 
350oC (24 h) and the LiMnO2 was obtained by hydrothermal way. The prepared process 
was according to previous work of our lab [18]. (H1-xNax)1.6Mn1.6O4 (HMO-Na-R) were 
obtained after Li+ desorption in HCl solution (24 h). The r-LMO-Na-R refer to the 
materials of Li+ re-intercalated. 
2.2 Characterization of specimens 
The XRD and SEM are used to investigate the structure and morphologied of 
materials. The STEM used to obtained more information of structure. BET surface area 
and pore diameter distributions were studied by N2 ad/desorption. The amounts of Mn
2+ 
and Li+ were tested using ICP conducted on inductively coupled plasma (Optima 
7000DV). DSC-TG of the materials was used to investigte the weight change during 
the heating process. X-ray photoelectron spectroscopy were used to study the valence 
state of Mn and FT-IR were carried out on a Bruker Tensor 27 spectrometer. 
2.3 Li+ uptake performance  
Li+ uptake experiments were carried out by adding 0.1 g HMO-Na-2% to 100 mL 
LiCl solution for 48 h at different amounts (6, 12, 24 mmol/L) and temperature (25, 35, 
45oC). The pH of the LiCl solutions were adjust using HCl/KOH. The Li+ amounts was 
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tested using ICP. Li+ uptake capacity of HMO-Na-2% was confirmed according to Eq. 
(1) [19]: 




= −                           (1) 
The qe (mg/g) signify the Li
+ adsorption uptake; m (g) denotes the mass of the 
HMO-Na-R; C0 and Ce refer Li
+ amounts of the before and after adsorption (mg/L); V 
(L) represent the solution volume. 
In order to study the selectivity for Li+, 0.1 g HMO-Na-2% was added to a single 
MCl and mixed solution containing M ions (M = Li+, Na+, K+, Rb+, Cs+) for 48 h at pH 
12. To evaluate the adsorption behaviors of the obtained materials and explore its 
practicability, the relevant practicable experiments were performed on adding 0.1 g 
HMO-Na-2% to the Lagoco brine (100 mL). The concentrations of various ions were 
confirmed by ICP. The relevant parameters were confirmed by Eq. (2) and (3) 
respectively [20]. 
𝐾𝑑 = （𝐶0 − 𝐶𝑒）
𝑉
𝑚𝐶𝑒
                        (2) 
𝛼𝑀
Li =  
𝐾𝐿𝑖
𝐾𝑑
                              (3) 
𝐶𝐹 =  𝑞𝑒𝑀/𝐶0𝑀                         (4) 
Where the Kd and KLi denote the distribution coefficient of other ions and Li
+; CF 
is the concentration factor, αM
Li refer separation factor. 
2.4 The loss rate of Mn 
The experiments of Mn dissolution were carried out by adding o.1g LMO-Na-R 
into HCl solution (CHCl: 0.6 mol/L, V: 100 mL) containing some H2O2 and stirring 100 
mL HCl solution (0.3, 0.6 and 1.2 mol/L) containing 0.1 g LMO-Na-2% for 24 h at 
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different temperature (25, 35, 45oC). The amounts of Li+ and Mn2+ were detected by 
ICP. The ratio of desorption Li and Mn were confirmed according to Eq. (5) [21]: 
r = Ci/S                                  (5) 
The r denotes loss ratio of Li or Mn; Ci and S signify amounts of Li
+ or Mn2+ in 
solution and solid sample. 
2.5 DFT calculations 
First-principles calculations according to DFT were performed on VASP and were 
used to investigate the physicochemical performances of materials [22]. The way was 
based on the previous similar work [23] and placed in Supporting Information. 
3 Results and discussion 
3.1 characterization of obtained manganese oxides 
Fig. 1 displays the XRD patterns of as-obtained manganese oxide derived products. 
The synthesized LiMnO2 has a high purity and crystallinity (Fig. 1a) [24]. LMO-Na-2% 
is single phase, which belong to spinel strycture. NaCl appears in the LMO with higher 
Na doped (5%, 10% and 15%), implying the excess Na will not enter into LMO crystal 
lattice (Fig. 1b). All the LMO-Na-2%, HMO-Na-2% and r-LMO-Na-2% indicate spinel 
structure (Fig. 1c), implying the obtained manganese oxides poesses high structure 
stability. The interplanar spacing (d) of LMO-Na-2% in (111) plane is 4.72 Å, and 
decreased to 4.67 Å in HMO-Na-2%, in turn increased to 4.70 Å in r-LMO-Na-2%, 





Fig. 1. XRD patterns of obtained materials. (a): LiMnO2; (b): LMO-Na-R; (c): LMO-Na-2%, HMO-
Na-2%, and r-LMO-Na-2%. 
 
Similar morphologies of LMO-Na-2%, HMO-Na-2% and r-LMO-Na-2% as 
depicted in Fig. 2(a-d). The results indicate the morphologies of obtained manganese 
oxide have little change during the ad/desorption process. Further elemental mappings 
of the local region over a r-LMO-Na-2% particle indicate an overall homogeneous 
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distribution of the elements O, Mn and Na (Fig. 2e). The STEM with atomic resolution 
was used to obtained more structure information of the Na-doped LMO, the annular 
bright field (ABF) and high-angle annular dark-field (HAADF) images of LMO-Na-2% 
as depicted in Fig. 2(f-g). The results indicate no lattice distortion caused by Na doping 
and the Na atom appear in surface, indicating Na doped occurs in the surface area 
without a deep penetration into the particles bulk [26]. By The particle size distribution 
and HAADF image of powders with different granulometry (Fig. S1, supporting 
information), we also can confirm that the Na atoms may substitute Li on surface. 
 
Fig. 2. SEM of (a) LMO-Na-2%; (b) HMO-Na-2% (c-d) r-LMO-Na-2%; (e) elemental mapping 
from (d); (f) ABF and (g) HAADF images of LMO- Na-2%. 
 
Fig. 3. shows FT-IR spectra of the as-prepared LMO-Na-2% and HMO-Na-2%. In 
LMO-Na-2%, the bands at 3441.5 and 1632 cm-1 are due to O-H vibrations [27, 28]. 
The band at 1072.9 cm-1 is Li-O from asymmetric stretching vibration [29]. The peaks 
at 648.6 and 515.1 cm-1 belong to Mn(Ⅳ)-O and Mn(Ⅲ)-O [30, 31]. All the bands are 
appeared in HMO-Na-2% with a slight transfer. The band at 1071.3 cm-1 is also exist 
in HMO-Na-2%, indicating a small amount of Li in the HMO. Furthermore, a new band 
observed in HMO at 908.3 cm-1, which may due to the lattice vibration of protons, 
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implying ion-exchange between H+ and Li+ exist in the HCl treatment process [27]. The 
desorption process has little effect on the peaks of Mn-O, showing that the high stability 
of [MnO6] octahedron during the desorption process consistent with XRD results (Fig. 
1c). 
 
Fig. 3. FT-IR patterns of 2% Na-doped manganese oxides. 
 
The fitting results of Mn 2p3/2 of LMO-Na-2%, HMO-Na-2%, r-LMO-Na-2% and 
2-HMO-Na-2% are depicted Fig. 4(a-b). The bands of 642.7 eV and 642.1 eV are result 
from [Mn4+O6] and [Mn
3+O6], respectively [32]. In addition, the amounts of Mn
3+ is 14% 
in LMO-Na, and it is decreased to 10% in HMO-Na after HCl treatment. The amount 
of Mn3+ is maintain 10% in r-LMO-Na after Li+ adsorption process, and it is further 
reduced to 8% after second HCl treatment (2-HMO-Na), showing a possible loss of 
Mn3+ during the desorption process. The amounts of Mn4+ in LMO is increased by trace 
Na doped (Fig. S3, supporting information), which may due to the Na replace Li sites 
and improving the average valence state of Mn in LMO. The curves of O 1s as depicted 
in Fig. 4(c-d) and the peak of -OH about 531 eV in HMO is obviously stronger than 
LMO, result from ion-exchange between H+ and Li+ [25]. The bands at near 529.8 eV 
9 
are similar between LMO and HMO, imply the structure of [MnO6] is stable, which is 
in line with the FT-IR spectra from Fig. 3 [33]. 
 
Fig. 4. XPS patterns of 2% Na-doped LMO, HMO, r-LMO and 2-HMO with the fitting results of 
(a-b) Mn 2p3/2 and (c-d) O 1s (2-HMO is the adsorbent in second cycle). 
 
3.2 Adsorption properties 
3.2.1 Effect of different doping level on Li+ uptake 
The amounts of doping is an vital factor which effects on Li+ adsorption capacity, 
and the results are depicted in Fig. 5(a). Compare to bare HMO (25.9 mg/g), the Li+ 
uptake is improved by Na doped (27.3 mg/g), and reduces with the doping level 
enhances, implying the Na doping cannot exceed 5% in line with the results of XRD. 
The excessive Na will change the lattice constant, resulting in the ion-exchange 
between Li+ and H+ became more difficulties. The Li+ uptake enhanced by 2% Na 
doping may result from inhibiting the decay of capacity in cycle process [34]. Beside 
this, the adsorption rate of HMO-Na-2% (blue line) is faster than others in 12 h may 
not due to the specific surface area (Fig. S4). Therefore, we will pay more attention on 
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2% Na doped in the following work. 
Fig. 5(b) presents the Li+ uptake behavior of HMO and HMO-Na-2% at different 
Li+ concentrations. It can be observed that the Li+ uptake of HMO-Na-2% is up to 27.2 
mg/g while the HMO is 25.8 mg/g at initial Li+ concentration of 6 mmol/L. The Li+ 
adsorption capacity of HMO-Na-2% and HMO increase to 33.9 and 33.5 mg/g at a 
solution of Li+ concentration of 24 mmol/L. The results show that the Li+ uptake 
capacity of HMO-Na-2% is higher than HMO at different concentrations of Li+. 
 
Fig. 5. The adsorption capacity of (a) HMO with different Na+ doping amounts and (b) bare and 
Na doped HMO at different initial Li+ concentration (Adsorbent dosage: 1 g/L, pH 12, T: 25oC). 
 
3.2.2 Li+ intercalation/de-intercalation mechanisms 
The Li+ insertion sites of Li1.6Mn1.6O4 can be divide into two parts: redox-type 
sites and ion-exchange sites [35]. The percentage of each part are concerned with the 
synthesis process. The valence state of Mn in the prepared materials have a vital effect 
on the formation of the insertion sites, which the proportion of ion-exchange sites 
increased with the amounts of Mn(Ⅳ) increasing. The schematic representation in Fig. 
6 indicates the Li+ extraction/insertion by the composite mechanism in LMO, which 
can explain in detail the Li+ ad/desorption behaviors in solution [36]. 
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Fig. 6. Schematic representation in LMO by the composite mechanism (a) Li+ extraction reactions 
and (b) Li+ insertion reactions. 
 
3.2.2 Effect of pH on Li+ adsorption 
The pH has important influence on Li+ uptake of HMO-Na-2% and the results are 
depicted in Fig. 7. Li+ uptake is 0.85 mg/g at pH = 3, and reach to 4.9 mg/g (pH: 7). 
The Li+ uptake improves to 15 and 27 mg/g at pH 11 and 12, which may result from 
the pH increases will accelerate the ion-exchange between Li+ and H+ by Eq. (6) [37]. 
H1.6Mn1.6O4 + Li
+ ⇌ Li1.6Mn1.6O4 + H+                        (6) 
 
Fig. 7. Influence of pH on Li+ uptake. 
 
 













































3.2.3 Adsorption isotherms  
To illustrate the Li+ adsorption behaviors, the Langmuir, Freundlich, Dubinin-










                            (7) 
ln𝑞𝑒 = ln𝑘𝐹 +  
1
n
ln𝐶𝑒                        (8) 
ln𝑞e = ln𝑞m −  𝛽DR𝜀
2                        (9) 






lnCe                       (10) 
Where Ce indicates the final concentration of Li
+ (mg/L), qe and qm signifies the 
equilibrium and theoretical maximal uptake (mg/g), b shows the Langmuir constant 
(L/mg), kF (mg/g) and n represent the Freundlich constants. βDR (mol
2J−2) denote the D-
R constant, ε imply the Polanyi potential (ε = RTln(1 + 1/Ce)), R indicate the molar gas 
coefficient (8.314 J mol−1 K−1), T signify absolute temperature (K), b denote the Temkin 
constant which is connected with uptake heat (J/mol), and KT show the Temkin isotherm 
coefficient. According to βDR, the average uptake energies E (kJ/mol) was confirmed 
by Eq. (11) [40]: 
𝐸 =  
1
√2𝛽𝐷𝑅
                           (11) 
The fitted results as shown in Fig. 8(a-b), indicating Li+ adsorption process fits 
well by the Langmuir result from higher R2 (0.99) than Freundlich model (0.96), 
implying Li+ adsorbed on adsorbent is a monolayer uptake [19]. The relevant 
parameters in detail as shown in Table 1. 
Despite the Langmuir model indicates the formation of a chemical bond, and the 
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obtained parameters do not offer any information about interaction between adsorbent 
and adsorbate. In order to illustrate the property of uptake process, the uptake behaviors 
were fitted by the Dubinin-Radushkevich and Temkin isotherm models (Eq. (9) and 
(10)). The fitted results as depicted in Fig. 8 and the calculated parameters are listed in 
Table 2. The values of the b and E calculated by Dubinin-Radushkevich are lower than 
80 and 8 kJ/mol (Table 2), which benefit to the ad/desorption process by ion-exchange 
[40, 41]. 
The Li+ uptake process of HMO-Na-2% at different temperature (25oC, 35oC, 
45oC) as shown in Fig. S5. The Li+ uptake is improved with temperature increased, 
implying the uptake is endothermic [37]. 
 
Fig. 8. (a) Langmuir, (b) Freundlich isotherm, (c) Dubinin-Radushkevich and (d) Temkin isotherm 




Table. 1. Relevant parameters base on Langmuir and Freundlich models (T = 25℃). 










HMO-Na-2% 32.7 1.13 0.99 25.7 18.6 0.96 















298.15 32.8 2.31 0.98 2.54 7.85 0.98 
308.15 35.3 3.03 0.95 3.37 15.83 0.90 
318.15 37.7 3.63 0.95 3.40 15.60 0.96 
 
3.2.4 Adsorption kinetics 
The Li+ uptake behaviors on HMO-Na-2% ware fitted base on the pseudo-first-
order, pseudo-second-order and intra particle diffusion models [42, 43]: 






2 +  
𝑡
𝑞𝑒
                          (13) 
qt = knt
0.5 + Cn                                       (14) 
The qe and qt denotes the adsorption capacity (mg/g) at equilibrium and a time t 
(min); the k1 (min
-1) and k2 (g·mg
-1·min-1) indicates pseudo first-order and pseudo-
second-order uptake constants, respectively. kn (mol·g
-1min·0.5) show the diffusion rate 
constant of each process (n = 1, 2, 3). 
The fitting results and obtained parameters as depicted in Fig. 9 and Table 3. The 
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R2 (0.99) of the pseudo-second-order was higher than the pseudo-first-order model (R2 
= 0.74) and the qe,cal confirmed by the pseudo-second-order is closer to qe,exp, indicating 
the Li+ uptake is controlled by the chemical process. 
The models of intra particle diffusion at different initial Li+ concentration and the 
k1, k2 and k3 as depicted in Fig. 9(c). The first process had a sharp slope, implying a 
rate-controlling process, which it was the migrate of Li+ from the solution to the surface 
of adsorbent. The second process had a lower slope and it was gradual adsorption 
process, indicating a rate-limiting step, which it was Li+ from surface of adsorbent 
diffusion into pores. The third step was the equilibrium process, which intraparticle 





Fig. 9. (a) pseudo first-order; (b) pseudo-second-order and (c) intra particle diffusion models for 
Li+ adsorption process (T = 25oC CLi+ = 6 mmol/L).  
 














HMO-Na-2% 27.3 0.00502 19.2 0.74 0.001309 27.5 0.99 
 
3.2.5 Adsorption selectivity 
The existence of interfering ion has some influence on the Li+ uptake behaviors due 
to the concentration of the co-existing ions are higher than Li+ in salt lakes. The ions 
(Li+, Na+, K+, Rb+, Cs+) uptake of HMO-Na-2% in a pure and mixed solution as shown 
in Fig. 10. Li+ uptake capacity by Na doped is 3.79 mmol/g in a pure LiCl solution, 
which is higher slightly than mixed solution (3.75 mmol/g), indicating the HMO-Na-
2% possess high selectivity for Li+. The Kd and 𝛼𝑀
Li of various ions as depicted in Table 
4 and the order is Li+ ≫ Na+> K+ > Rb+ = Cs+, which may result from ion radius of 
Li+ (0.059 nm) is fit to the porous channel of HMO-Na-2%, and other ions with larger 
cannot enter into the adsorbent but adsorbed merely on surface [44]. 
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Fig. 10. Adsorption of HMO-Na-2% for various monovalent cations. 
Table 4. Related parameter in selectivity experiments of HMO-Na-2%. 
Cations  qe (mmol/g) Kd (mL/g) 𝛼𝑀
𝐿𝑖 
Li+ 3.3 1171.61 1 
Na+ 0.022 36.2 32.4 
K+ 0.066 4.78 245.1 
Rb+ 0 0 - 
Cs+ 0 0 - 
The Li+ uptake property of obtained materials in the Lagoco salt lake was studied, 
and the results as depicted in table 5. The equilibrium Li+ uptake up to 2.71 mmol/g, 
which was higher obviously than Mg2+ (0.016 mmol/g) and Ca2+ (0.002 mmol/g), 
implying that the obtained adsorbent possesses excellent selectivity of Li+ and Mg2+ in 
Lagoco salt lake. The order of Kd was Li
+ > Ca2+ > K+ > Mg2+ > Na+, indicating that 
the adsorbent by Na doped is an excellent candidate for Li+ recovery from solution 
containing Li+. 
 
Table 5. Selectivity of HMO-Na-2% in Lagoco salt lake. 
ions C0 (mmol/L) Ce (mmol/L) qe (mmol/g) CF (mL/g) Kd (mL/g) αLi/M 
Li+ 37.69 34.98 2.71 71.87 77.43 1 
Na+ 699.57 699.35 0.22 0.31 0.31 249.09 
K+ 62.36 62.11 0.24 3.90 3.91 19.79 




















 Single MCl solution 
          (M=Li、Na、K、Rb、Cs)
 Li、Na、K、Rb、Cs 





Ca2+ 0.539 0.537 0.002 4.63 4.65 16.66 
 
3.2.6 Regeneration performance 
Fig. 11 indicates the Li+ uptake and loss rate of Mn in regeneration process. The 
fading of Li+ adsorption and Mn loss are obvious in initial regeneration process, 
resulting from existence of LiMnO2. In addition, the uptake of Li
+ still keep 87% after 
the sixth regeneration. The loss rate of Mn is below 5% in each subsequent regeneration. 
The results imply that the ion-sieve by Na doped have high adsorption capacity and 
structure stability. 
 
Fig. 11. The Li+ uptake and loss rate of Mn in each regeneration process. 
 
3.3 Dissolution of Mn 
Fig. 12 illustrates the loss rate of Mn and extraction of Li+ in different content of 
acid. The dissolution of Mn enhances from 4.4% to 4.6%, and desorption rate of Li+ 
improves from 84% to 93% when the content of acid from 0.3 up to 0.6 mol/L. The 
dissolution of Mn enhances to 5.3% and the desorption of Li+ reach to 95% in a HCl 
solution of 1.2 mol/L, indicating the loss rate of Mn and the desorption of Li+ are 
improved in stronger HCl environment, which may explained by the Eq. 15 [36]. 











































+ → 3(□)[Mn2(Ⅳ)]O4 + 4Li
+ + 2Mn(Ⅱ) + 4H2O (15) 
the “□” signifies a vacancy of Li+. 
The extraction rate of Li+ in r-LMO-Na-2% is 93.7%, which close to the bare r-
LMO (94.9%), while the loss rate of Mn is 4.4% and 5.4%, respectively (CHCl = 0.6 
mol/L, T = 25oC) are depicted in Fig. S6. The results imply that Mn dissolution can be 
reduced by trace Na doped, which may due to the obtained Na-O are stronger than Li-
O, improving the structure stability. In addition, the amount of Mn3+ was decreased by 
Na doped, which inhibits the Jahn-Teller effect. Both the two parts above can decrease 
the loss rate of Mn [34]. 
The influence of temperature on desorption performance as depicted in Fig. S7. 
 
Fig. 12. The desorption processes in different content acid (T = 25oC). (a) Loss rate of Mn and (b) 
extraction rate of Li+. 
 
3.4 DFT calculations 
3.4.1 The LMO by Na substitute 
Theory calculations were carried out to gain more information about the process 
of surface Na-doping in LMO. The obtained structure of LMO bulk phase and (100) 
plane were conducted to verify the experimental phenomenon on Na distribution (Fig. 
20 
13). A Li at the 16d or 8a site in bulk and at (100) plane was substituted by Na, and 
related energies were calculated. The results imply that Na atom may substitute Li at 
the 16d site (-4.15 eV) compare with the 8a site in the bulk (-1.77 eV). Moreover, the 
△E at the 16d sites of surface (-4.76) is lowest, indicating that the Na may substitute 
Li on surface 16d sites, consistent with STEM observations [45]. Furthermore, trace Na 
doping in LMO surface can obtain stronger Na-O bonds, which may improve the 
structure stability. 
 
Fig. 13. Optimized structures with doping of Li using Na. (a) 8a, (b) 16d site of Li in bulk. (c) 8a, 
(d) 16d site of Li on (100) plane. 
 
3.4.2 Density of states 
The density of states of bare LMO and the (100) plane by Na doping for Li at the 
16d site as depicted in Fig. 14. The results indicate valence band primarily by Mn(d) 
and O(p) composition, implying there is strong interaction of O and Mn in skeleton 
structure of [MnO6] octahedra. Furthermore, the band gap of the (100) surface decrease 
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to 0.087 eV by Na doped as shown in inset figure from Fig. 14, which is lower obviously 
than bare LMO (0.17 eV), resulting in improvement electronic conductivity caused by 
Na doped [46]. 
 
Fig. 14. DOS and PDOS of (a) bare and (b) (100) facet of LMO with Na-doping at a 16d site. 
 
3.4.3 Charge density 
The charge density of bare and Na-doped materials as depicted in Fig. 15. The Na 
doped have little effect on the charge density of 8a sites, while the 16d sites have 
obvious change. The charge density of the 16d sites is decreased with the Na-doping, 
which may improve the mean valence state of Mn. So, the anti-dissolution property of 
Mn is enhanced. 
 






In the present work, we establish a valid method to improve the structure stability 
and uptake performance of adsorbent by surface Na doping. The Li+ uptake is enhanced 
by Na doped (33.9 mg/g) compare to bare HMO (33.5 mg/g), and the Mn dissolution 
is reduced from 5.4% to 4.4% by Na doped. The materials possess high Li+ selectivity 
from Lagoco salt lake and excellent regeneration property. Furthermore, we illustrate 
the enhancement of the performances of adsorption and anti-dissolution by DFT 
calculations. The proposed explanations for improving structure stability by surface 
elements doped will shed lights on further works for Li+ recovering from solution 
containing Li+. 
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